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Tuning the thermal relaxation of transition-metal ferrite nanoparticles
through their intrinsic magnetocrystalline anisotropy
José M. Vargas, Abhishek Srivastava, Amin Yourdkhani, Luis Zaldivar, Gabriel Caruntu,
and Leonard Spinua)
Advanced Materials Research Institute, University of New Orleans, New Orleans, Louisiana 70148, USA

(Received 6 May 2011; accepted 5 August 2011; published online 19 September 2011)
Monodispersed ferrite nanoparticles of Fe3O4, MnFe2O4, and CoFe2O4 (near to 10 nm), were
synthesized by organometallic synthesis, showing the same homogeneous chemical,
morphological, and crystalline characteristics. The study and correlation of the thermal relaxation
processes were analyzed through static and dynamic measurements. Due to the intrinsic chemical
characteristics and magnetocrystalline anisotropy of the ferrite nanoparticles, the energy barrier
can be tuned to a range between 1100 K  EB  7300 K, showing an alternative approach for
tuning the magnetic dynamic properties, in contrast to the well-known mechanism through particle-size-effects. Specific loss power efficiencies were evaluated for the three ferrite samples. Comparing the three samples at the maximum ac frequency of  ¼ 10 kHz, MnFe2O4 exhibits the
single-peak maximum of loss with the value of 273 erg/s  g at T ¼ 65 K, whereas for the CoFe2O4,
a maximum of 132 erg/s  g (T ¼ 217 K) was determined. A considerable drop in the efficiency was
C 2011
determined for the Fe3O4 nanoparticles, with the value of 20 erg/s  g at T ¼ 43.5 K. V
American Institute of Physics. [doi:10.1063/1.3638053]

I. INTRODUCTION

Over the last five decades, much work has been devoted
to study the dynamic properties of small particles, from theoretical as well as experimental perspectives.1,2 Below a critical diameter, the particles become single domain and have
interesting properties such as superparamagnetism and
strong surface effects.3 These properties depend on the size
and shape of particles, on the interaction between them, and
on the effects of finite size and superparamagnetic
relaxation.4–6 The magnetic properties of nanoparticles are
determined by many factors, the key of which are the chemical composition, the type, and the degree of defectiveness of
the crystal lattice, the particle size and shape, the morphology, and the interaction of the particle with the surrounding
matrix and the neighboring particles. By changing the nanoparticle size, shape, composition, and structure, one can control the magnetic properties of the material based on them.7
Magnetic transition-metal nanoparticles (NPs) are used in a
number of applications including ferrofluids, biosensors,
contrast enhancement agents for magnetic resonance imaging, bioprobes, and catalysis.8–10 Magnetic hyperthermia for
tumor treatment has attracted much attention due to the considerable heating effect in an ac magnetic field. Briefly, the
heating effect of magnetic fluid results from the absorption
of energy from ac magnetic field and conversion into heat by
eddy current losses and relaxation losses. For example, Hergt
et al.11 studied the validity limits of the Néel relaxation model
of magnetic NPs for hyperthermia, where based on their phenomenological model, the specific loss power (SLP) was discussed as a function of the particle size and magnetic field
amplitude in the whole size range from superparamagnetic
a)
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up to multidomain particles including the effect of size distribution were discussed. Regarding to this application, the
enhancement of the SLP is required with the following
restrains: (i) using particles with a mean size near to 10 nm
and (ii) at the physiologically tolerable range of frequencies
and magnetic fields (  100 kHz, Happ  200 Oe). Moreover, as the magnetic properties of this class of particles are
size-dependent, narrow particle size distributions are critical
for an understanding of their magnetic properties and effects
on biological cells. With recent advancements in synthetic
methods has come the ability to easily prepare a wide range
of magnetic NPs that are highly crystalline and uniform in
size, granting access to more accurate dynamic studies of
surface, finite size effects, and crystal structure contribution
in NPs.11,12
For the mentioned applications as well as a fundamental
point of view, a considerable effort was focused in ferrite
nanocomposites, in particular Fe3O4, MnFe2O4, and
CoFe2O4 ferrite compounds. For instance, manganese spinel
ferrite MnFe2O4 NPs can be used as contrast enhancement
agents in magnetic resonance imaging technology.13 Cobalt
ferrite CoFe2O4 holds promise in the production of isotropic
permanent magnets, magnetic recording, and fluids because
it has a very high cubic magnetocrystalline anisotropy,
accompanied with a reasonable saturation magnetization
value MS.6,14 CoFe2O4 has a relatively large magnetic hysteresis in comparison with the rest of the spinel ferrites. Ferrimagnetic particles, such as magnetite (Fe3O4), may be
applied in ferrofluids for hyperthermia applications. It is currently the only FDA-approved metal oxide nanoparticle.15,16
In spite the fact that “particle-size-effects” in ferrite
nanostructure materials have been investigated exhaustively
by many authors,9,14,16–19 it is interesting to remark that a
complete study on ferrite NPs of the same size, shape, and
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crystalline properties but different chemical compositions is
still lacking. In particular, the magnetic properties of the ferrite compounds mentioned above are strictly related with
their intrinsic effective magnetocrystalline anisotropies, and
in such case, the chemical composition of the transitionmetal ferrites nanocomposites is an alternative approach to
control the magnetic properties of NPs with exactly the same
morphological and crystalline features. Therefore, the study
of the correlation between these ferrite nanocomposites in
the so-called model samples, and at the same time with similar morphological and crystalline properties, is still of growing interest from both a theoretical and technological point
of view.
In this paper, we report on the fabrication and thermal
relaxation process of model Fe3O4, MnFe2O4, and CoFe2O4
ferrite monodomain NPs with sizes near to 10 nm, while
concurrently exploring an alternative approach for tuning the
dynamic properties of magnetic NPs. In order to meet the
demand for both fundamental research and industry applications, the developed process described in this work fulfills
the requirements of low-cost and large-scale synthesis of
high-quality ferrite NPs. Moreover, the metallic precursors
used in this new synthesis are commercially readily available
and less toxic than the pentacarbonyl-based compounds, a
common precursor used in thermal decomposition reaction.
Static and dynamic magnetic experiments by dc-, ac-magnetometry, and ferromagnetic resonance were conducted with
the aim to map and evaluate the thermal relaxation and
energy loss of ferrite NPs.
II. EXPERIMENTAL

The inverse spinel ferrite NPs were synthesized using a
modified high temperature thermal decomposition method
published elsewhere.20 In a typical synthesis, 1 mmol of
Fe(ac)2, 0.5 mmol transition metal acetate M(ac)2 (M ¼ Mn,
Fe, Co), and 6 mmol of oleic acid were added to 15 ml benzyl ether in a three-neck round flask and stirred vigorously.
To promote the dissolution of the acetate salts and eliminate
the hydrating water molecules the initial solution was heated
rapidly to 150  C and maintained at this temperature for 15
min. The temperature was subsequently increased to 275  C.
After 30 min, the reaction was stopped by removing the heat
source and allowing the solution to cool down naturally to
room temperature. The resulting powders were recovered
from the solution by magnetic separation and washed several
times with ethanol and acetone, then separated again and
extracted in hexane. For the complete removal of the excess
benzyl ether, this purification protocol was repeated three
times. Oleic acid-capped magnetic nanocrystals were
isolated and then dispersed in various non-polar solvents
(chloroform, hexane, etc.) yielding clear, brown colloids
which are stable for months against aggregation at room
temperature.
The crystal structure, particle size, and distribution of
ferrite NPs were analyzed by using a Cu-ka X-ray powder
Rigaku diffractometer (XRD, k ¼ 1.5418 Å) and a JEOL
JEM 2010 transmission electron microscope (TEM) at
200 KV.

J. Appl. Phys. 110, 064304 (2011)

The dc-magnetic properties were measured using a
commercial superconducting quantum interference device
(SQUID) magnetometer in a temperature range of
T ¼ 4 K  300 K and field strength up to H 6 70 kOe, in the
typical experimental measuring-time of s ¼ 100 s.1 The complex magnetic susceptibility v ¼ v0 þ jv00 of the magnetic
NPs was measured as a function of temperature from 4 to
300 K for frequencies ranging from  ¼ 10 Hz to 10 kHz in a
quantum design physical property measurement system
(PPMS).
III. RESULTS AND DISCUSSION

Figure 1(a)) shows the XRD patterns for the Fe3O4,
MnFe2O4, and CoFe2O4 powder samples. The peaks are
broader due to the smaller sized nanocrystals and the peak
positions are centered on the bulk crystal lines with no other
features (cubic inverse spinel, *Fd3m). The presence of
Fe3O4 in the sample instead of c-Fe2O3 was probed experimentally by using Raman spectroscopy (results not shown)
and furthermore confirmed by oxidation experiments at different temperatures. It is well known that Fe3O4 can be oxidized to c-Fe2O3 at 250  C and the resulting gamma oxide be
converted into a-Fe2O3 upon oxidation under Ar, similar to
the scheme proposed by Sun and co-workers.21 More information about the chemical and structural characterization of
the ferrite nanoparticles presented in our study can be found
in a previous report by Caruntu and co-workers.22 Taking the
full width at half-maximum (FWHM) of the most intense
peak and using the Scherrer equation,23 the average crystalline size for the three samples was determined to be around
70% of the TEM histogram mean size (see values in Table
I). The scheme in Fig. 1(b) shows the chemical formula and
the ideal case of an inverse spinel CoFe2O4, where the Co
cation occupies one-half of the octahedral coordination sites.
Half of the Fe3þ cations occupy the other half of the octahedral coordination sites as well as all of the tetrahedral coordination sites. Figure 2 corresponds to the TEM images and
histograms of Fe3O4, MnFe2O4, and CoFe2O4 NPs. The

FIG. 1. (Color online) (a) X-ray diffraction patterns of i-Fe3O4, ii-MnFe2O4,
and iii-CoFe2O4 ferrite nanoparticle samples. The doted line corresponds to
the bulk ferrite. (b) Scheme of the crystalline structure for ideal inverse spinel ferrite composites, where the tetragonal and octahedral sites for the Fe,
Mn, and Co ions are depicted.
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TABLE I. Structural and magnetic properties. The errors are indicated in brackets.
dc-Parameters

Structural
Sample
Fe3O4
MnFe2O4
CoFe2O4

ac-Parameters

DTEM (nm)

DXRD (nm)

TB (K)

n/v (mB)

MS (emu/g)a

EB (K)

6.9 (0.8)
9.5 (0.9)
8.0 (1.5)

4.2
7.6
5.3

29
50
130

43.4
40.4
35.4

83.7 (8.3)
78.0 (8.1)
68.3 (7.0)

1124
1600
4917

K (erg/cm3)
9.01 (11)  105
4.91 (50)  105
25.31 (40)  105

SLP (erg/s*g)b
20
217
132

a

Bulk saturation magnetization values of Fe3O4 (92 emu/g), MnFe2O4 (80 emu/g), and CoFe2O4 (75 emu/g) (Ref. 26).
These values correspond to the maximum of the SLP at  ¼ 10 KHz, at the temperatures of T ¼ 43.5 K (Fe3O4), 65 K (MnFe2O4), and 217 K (CoFe2O4).

b

histograms of particle size distribution were built by counting 200 particles for each sample, and were fitted with a
2
ðDDÞ

Gaussian function, f ðDÞ / e 2r2 , where D is the center
peak position and r is the linewidth of the distribution. From
the TEM histograms (Fig. 2-right side), the mean particle
sizes were determined with the values of 8.0 6 1.5 nm
(CoFe2O4 NP), 9.5 6 0.9 nm (MnFe2O4 NP), and 6.9 6 0.8
nm (Fe3O4 NP), showing a clearly high-quality crystalline
order with homogeneous cubic-faceted shape. Supporting

FIG. 2. (Color online) TEM images of Fe3O4, MnFe2O4, and CoFe2O4 ferrite nanoparticles, showing the histograms with narrow size distribution and
homogeneous shape of nanoparticles. The continuous red line is the Gaussian fit.

the good chemical, morphological and crystalline homogeneity of these samples, the T-dependence of the dc-magnetic
susceptibility under zero-field-cooling and field-cooling conditions (with applied magnetic field of H ¼ 20 Oe), are plotted in Fig. 3 (vdc ¼ M
H ). Due to the organic capping
protection to avoid the direct contact between particles, the
dipole-dipole is the principal mechanism of interaction
between them. In the case of Fe3O4 NPs, two characteristics
can be remarked: (i) the narrow single peak of the MZFC and
(ii) the monotonic increment of the MFC as the temperature
drops. Both characteristics are the fingerprints of model
monodispersed single magnetic domain NPs with random
easy magnetization axis orientations and moderate dipolar
interaction.24 The case of the Mn- and Co-ferrite clearly
show the enhancement of the magnetocrystalline anisotropy,
with intermediate and larger broadening of the MZFC, respectively. Moreover, in both cases the T-dependence of the MFC
show different trends that can be explained through the interplay between the effective anisotropy and magnetic moment
per particle (the MZFC-FC curves for the Co-ferrite NPs are
amplified 7 times for a more clear comparison). Table I summarizes the blocking temperature (TB) for each sample.25
Fig. 4(a) shows the magnetization loops measured at T ¼ 4 K
and 300 K for the Fe3O4, MnFe2O4, and CoFe2O4 powder
samples, respectively. In good agreement with the T-dependence of MZFC-FC, the magnetization loops at T ¼ 4 K correspond to the case of soft (Fe3O4), intermediate (MnFe2O4),
and hard (CoFe2O4) single domain anisotropic materials.
The three samples do not show any hysteresis at room temperature, as it is evidenced from the magnetization curves.

FIG. 3. (Color online) Magnetic susceptibility (vdc) against-T measured in
ZFC and FC modes (H ¼ 20 Oe), for the Fe3O4, MnFe2O4, and CoFe2O4
powder samples. The MZFC-FC curves for the co-ferrite NPs are amplified 7
times for a more clear comparison.
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FIG. 4. (Color online) (a) Magnetization loops
measured at T ¼p4ﬃﬃﬃ K and 300 K and (b) coercive
field against  T for the Fe3O4, MnFe2O4 and
CoFe2O4 powder samples. Due to the different
strength of the magnetocrystalline anisotropy, the
HC values are plotted in a natural logarithm.

Moreover, for the three samples, different magnetization
upper-convex shapes are clearly evidenced; this can be
directly related with different effective magnetic moments.
Taking into account, the Stoner-Wohlfarth model for homogeneous single magnetic domains and using the Langevin
function,1 L(x) ¼ coth(x)  1/x (where x ¼ nlBH/kBT, kB is
the Boltzmann constant and lB is the Bohr magneton), the
effective magnetic moment per volume was estimated for
each sample. Under this condition, the approximate value of
n
 40lB =nm3 is obtained for the three samples (V ¼ p6D3 )
V
sparing these values with the respective bulk ones, the differences are less than 10% for the three samples (see parameters
in Table I). For the three samples, the full T-dependence of
inﬃﬃﬃFig. 4(b), in good agreethe coercive fields, HC, are shown p
ment with the Stoner-Wohlfarth T  law.1 The magnetic
susceptibility against-T with different field amplitudes
(H ¼ 3, 5, and 10 Oe) and frequencies ( ¼ 10 Hz, 100 Hz,
500 Hz, 1000 Hz, 2000 Hz, 5000 Hz, 10 kHz) was carried
out for the characterization of the dynamic response of the
ferrite NPs. Since the actual response of the sample to an
applied ac-field is measured, the magnetodynamics can be
studied through the complex susceptibility (v0 þ jv00 ). The
real component v0 represents the component of the susceptibility that is in phase with the applied ac-field, while v00 represents the component that is out of phase. The imaginary

component v00 is related to the energy losses, or in other
words, the energy absorbed by the sample from the ac field.
Figure 5(a)) shows T-dependence of the real and imaginary
component of the susceptibility with an applied ac field of
Hac ¼ 5 Oe (4 K  T  300 K). Similar trends were observed
for Hac strengths of 3 Oe and 10 Oe (figure not shown). The
v0 versus T shows a single peak for each sample, where a
peak-shift to high-T and the drop of the intensity is observed
as the frequency increases from  ¼ 10 Hz to 10 kHz. This
effect is directly related with the frequency dependence of
the blocking temperature of the superparamagnetic NPs as
the samples are cooled down.1 Comparing the v0 versus T
components for the Fe3O4, MnFe2O4, and CoFe2O4 powder
samples, the peaks as function of frequency are located at
different ranges of temperature, where this fact is directly
correlated with the strength value of the magnetocrystalline
anisotropy.1 Fig. 6 shows the variation of the TB in the plot
of ln(s/s0) versus 1/TB for the three samples (s0 ¼ 1010 s),
where thelinear
 fit corresponding to the Néel law dependence is ln ss0 ¼ kEBBT , where EB is the energy barrier of the
 where K is the effective
NPs. In a first approach, EB ¼ K V,
anisotropy constant. Therefore, the values of EB and K were
calculated from these experimental results where the larger,
intermediate, and lower EB values were obtained for the Co-,
Mn-, and Fe-ferrite NPs, respectively (see values in Table I).
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FIG. 5. (Color online) (a) Real (v0 ) and
imaginary (v00 ) components of the acsusceptibility against-T (H ¼ 5 Oe). The
arrows denote the shift of the peakposition as the frequency rise. (b) SLP
for the three ferrite powder samples,
where the arrows denote the shift of the
peak-position as the frequency rise.

The obtained effective K values are in good agreement with
the expected values of Fe3O4 (hard 2.0  106 erg/cm3-soft
2.1  105 erg/cm3), MnFe2O4 (8.5  104 erg/cm3), and
CoFe2O4 (between 2.5  106 erg/cm3 and 19  106 erg/
cm3).28–30 Consistent with the v0 versus T data, v00 versus T
shows a single peak for each sample, where a shift-peak to
high-T and the rise of the intensity are observed as the frequency is increased from  ¼ 10 Hz to 10 kHz. This effect is
directly related with the frequency dependence of the blocking temperature and the enhancement of the energy lost as
the frequency rise, where the SLP may be expressed by the
imaginary part of the susceptibility, v00 (Refs. 11 and 12)
SLPðH; Þ ¼ pv00 ðÞH 2


;
q

magnetic saturation is not comprised. Using the experimental
results of v00 and Eq. (1), Fig. 5(b) shows the SLP results for
the three samples. In particular, comparing the three samples
at  ¼ 10 kHz, the MnFe2O4 exhibit the maximum of SPL
with the value of 273 erg/s  g at T ¼ 65 K, whereas for the
CoFe2O4, a maximum of 132 erg/s  g (T ¼ 217 K) was determined (the values are summarized in Table I). A considerable drop in the SPL was determined for the Fe3O4, with the
value of 20 erg/ g  s at T ¼ 43.5 K. A remarkable result is the
fact that Co-ferrite NPs still shows an energy absorption at
room temperature at low frequency and field strength
amplitude.

(1)

where q is the mass density. This formula is restricted to
small amplitudes of the magnetic field since the typical

FIG. 6. (Color online) Variation of the TB in the plot of ln(s/s0) versus 1/TB
for the three ferrite samples (s0 ¼ 1010 s). Using the Boltzmann constant,
the EB is given in Kelvin units. The two rectangular blocks in doted lines are
regarding to the experimental points extracted from dc-magnetization
(blocking temperature from the M versus T in ZFC and FC conditions) and
ac-susceptibility (maximum of the v0 versus T at different frequencies).

IV. CONCLUSIONS

In conclusion, monodisperse ferrite NPs of Fe3O4,
MnFe2O4, and CoFe2O4 with sizes near to 10 nm were synthesized by an organometallic route, and show homogeneous
chemical, morphological, and crystalline characteristics.
Based on the Stoner-Wohlfarth model for homogeneous single magnetic domains NPs and Néel relaxation process, the
thermal relaxation process through static and dynamic magnetic measurements was analyzed. Due to the intrinsic chemical characteristics and magnetocrystalline anisotropy of the
Fe-, Mn-, and Co-ferrite NPs with similar size, the energy
barrier can be tuned in a large spectrum with values ranging
between 1100 K  EB  7300 K, showing an alternative path
for tuning the magnetic dynamic response. This is in contrast
to the well-known mechanism that occurs through a particlesize-effect. With similar particle size, high crystalline quality
(higher than 70% respect to the full particle size) and homogeneous shape, the magnetic correlation between these samples were determined by static and dynamic means. The
specific loss power efficiencies were evaluated for the three
ferrite samples. In spite of some recent publications, such as
Bae et al.,27 the promising results presented in this paper
show that ferrite nanoparticles can be useful for
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hyperthermia experiments in the frequency range below 100
kHz and low applied magnetic field 200 Oe. Comparing
the three samples at the maximum ac frequency,  ¼ 10 kHz,
MnFe2O4 exhibits the maximum efficiency with a value of
273 erg/s  g at T ¼ 65 K; whereas, CoFe2O4, a maximum of
132 erg/s  g (T ¼ 217 K) was determined (Table I). A considerable drop in the efficiency was determined for the Fe3O4,
with a value of 20 erg/g  s at T ¼ 43.5 K. The dynamic
response and specific form of particle recognition reported in
this work will be used for subsequent studies that provides
knowledge of the possibly significant presence, identity, and/
or quantity of magnetic NPs or energy in the local
environment.
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